This paper addresses the problem of actively attenuating the vibration of plates on satellites. A pure feedback controller is demonstrated which operates a t a set of dominant frequencies in a disturbance spectrum, where the control path model is estimated online. A new feature of the frequency selective feedback is the use of the inverse Hessian to improve adaptation speed. The control scheme also incorporates a f r e quency estimation technique to determine the relevant disturbance frequencies with higher precision than the standard fast Fourier transform (FFT). The controller is implemented on a test rig to demonstrate the practical feasibility of the method. A disturbance with three rational dominant frequencies is introduced. If FFT were used instead of the frequency estimation method proposed, then a large number of samples would be required to accurately estimate the disturbance frequencies, and, most importantly, FFT-estimated frequencies could lead to an unstable control system due to their granularity. Using the proposed frequency estimation method, the total achieved attennation is 2GdB on the experimental rig.
Introduction
Active vibration control is an effective means of attenuating unwanted vibrations on-board satellites as an alternative or complement to passive absorbers. The most commonly used scheme is the so called filtered reference least mean squares algorithm. Here the reference (or detection) signal is normally passed through an FIR filter whose coefficients are constantly updated. Two main disadvantages of this method are firstly the need for a second sensor to pick np the reference signal; and secondly a model of the plant dynamics from the actuator to the error sensor is needed for the adaptation process.
hlicrovibrations (taken as frequencies below 1kHz) 11, G] create various problems for sensitive equipment mounted on satellites. Active vibration control in this frequency band plays a vital role for satellites both during the launch of a satellite [2] and during orbital cruising [3, 11. Due to trajectory course corrections or movements of mechanical parts, vibrations are created on the satellite which then influence the reliability of equipment used on-board it. Major sources of such unwanted vibrations include motorized pumps and reaction wheels. The induced vibrations also pose severe problems in the case when optical measurement devices are part of the payload, leading in the absence of effective compensation to blurring of images etc.
In this paper, we determine the performance of a newly developed controller [4, 51 with increased convergence when applied to microvibration control. The proposed control strategy uses an enhanced frequency estimation method and only a limited set of data samples. Initially, the disturbance spectrum is estimated by performing a standard FFT, and this rough estimate is then used to design a second estimation knowing that the true fre quencies has to be in the vicinity of the FFT-estimated frequencies. A least mean squares-optimisation is then performed, resulting in a more accurate frequency estimation. This paper also contains the analysis of the performance of this new control scheme when applied to a laboratory test rig especially constructed to emulate the production of microvibrations. This paper is structured as follows. In the next section, the basic control algorithm is presented, followed in the next section by a detailed description of the improved convergence time of the algorithm. The following section deals with frequency estimation on a limited set of data samples and the next gives the experimental results and discussion of them.
2 Control algorithm development Figure 1 shows a block diagram representation of the system to be controlled. The controller aims to minimise the output signal e and the signal E , which is a measure of the error in the plant model. For perfect output attenuation the'control signal U is given by In the time domain the algorithm developed here based on iterative updating of gain-estimates:
For each disturbance frequency an iterative step consists of M, samples. The length of an iterative step depends on the disturbance frequency hut must he a multiple of the sampling to disturbance frequency ratio. During iterative step k, a n LMS estimation produces the complex output gain e k ( j w , ) . (For ease of notation, the argument (jw,) is neglected in the rest of this paper.)
The control criterion is to minimize the quadratic cost function and the output can be written in the matrix form
where e: and e: denote the imaginary parts of ek respectively. The control law will he designed to update the complex control gain u k + 1 in the negative gradient direction of J,", where the gradient of this function is given hy or VJ,k = GTek.
For the computation of the gradient only an estimate of G is available. With a design parameter p the update of the complex gain of the control signal is given hy (8)
The same adjustment is made to the control path model and the error in the model can he represented by
where G k is an estimate of G in (4). As for controller tuning, the plant cost function is quadratic and the derivations with respect to the plant model parameters are
Hence the gradient can be calculated as and with a design parameter U the plant model can he updated using
Note also that the update of the plant model does not have to be synchronized with the update of the controller coefficients. Hence the control signal in equation (8) can be updated using
The Hessian matrix with respect to the plant model parameters is and its inverse is
Hence, the plant model (14) can be updated as
The two update equations (17) and (19) are easy to implement and no extra signals need to be calculated for this purpose.
Frequency estimation
Most analysis in this general area assumes Q pnor knowledge of the disturbance signal d, or that measurements can be taken separately. Here, however, a frequency estimator is proposed for use before the complex gain estimation. This is termed optimized frequency estimation (OFE).
An initial estimation of the disturbance peaks can be obtained by a standard application of FFT. For a fixed number of samples S, FFT can, however, only produce a resolution which is given by the ratio of the sampling frequency fs to the number of samples S. Therefore, true frequencies will be approximated by their nearest representative frequency depending on the values of fa and S. This information on the 'rough' frequencies present will be used to determine N bandpass filters for the FSF scheme where the following frequency estimation algorithm is applied.
Figure 2 Photo of the vibrating plate
The recorded output signal, without applying control is given by e ( t ) = d ( t ) .
(21)
Basically, the frequency estimate is calculated using a nonlinear least mean squares method. Repeating the procedure defined (23) to (26) for each of the frequencies, w", the residual signal r ( t , 3 , ) can be calculated by taking the difference between the disturbance signal and the corresponding estimated signal. Each of the new estimated frequencies 3 derived from r(t,3,) can be used to calculate a complex output gain of measured data for control use.
Experimental setup
An aluminum panel, shown in Figure 2 , excited by a point disturbance vibration and a controller force was constructed to investigate satellite vibration control using the above algorithm with frequency estimation. The experimental investigation seeks to minimize the plant error function so as to cancel out the disturbance vibration. Inaccurate frequency estimates tend t o lead to unstable system even with a robust adaptive control system.
A schematic single-input-single-output (SISO) vibration control system is shown in Figure 3 together with its electrical connections. The aluminum panel is glued perpendicularly on all of its four edges to thin metal sheets to ensure a firm support. The thin metal sheets are held by supports attached to a metal base block and the entire structure is suspended on springs. A small lumped mass is glued on the panel to act as the payload. The piezoelectric output sensor is positioned at the location where attenuation is intended and the control piezoelectric is directly beneath it on the opposite face of the aluminum panel.
The disturbance signal is generated by a Bluewave PCI/C44S1-4-60 digital signal processing (DSP) board and a Bluewave PC/16108-477 is used for the A/D conversion, sampling at 4kHz. Both disturbance and controller signals are amplified by an electronic amplifier separately (LM1875 at gain=4.9 and LM1876 at gain=2 respectively) before each exciting the piezoelectric actuators. The piezoelectric sensor is effectively the same transducer as the actuator, converting mechanical vibrations to electrical signals, before feeding it back to the workstation for control purposes. All channel signals are displayed on oscilloscopes to monitor the signals status, and the signals are filtered before transmission or after vibration reception. The bandpass filter is used to filter out the low frequency from the power mains and higher noise frequencies. Lowpass filters are used by the actuators to eliminate the effect of zero order hold components at the output of the D/A channel.
A sum of three dominant disturbance frequencies are generated at 133.3334H2, 190.4762Hz and 285.7143Hz (correct to 4 decimal places). The disturbance spectrum received by the sensor is estimated by the OFE method. Estimated frequencies are used by the controller algorithm which will produce an anti-phase vibration cancellation at the controller patch. From these plots, it is clear that the three dominant tones are attenuated until near the level of the system measurement noise. The total power attenuation using OFE method was calculated to be 26dB. It is common to find that most real signals are corrupted by a certain level of noise, which can be caused by various sources, such as the quantization, anti-aliasing filtering, background noise and imperfect instrument responses, e.g. actuators. Figure 6 shows the total power attenuation across different noise levels.
Generally, OFE estimated frequencies attenuate the disturbance signal with increasing signal to noise ratio (SNR) (measured in dBs). This is as expected since accurate frequency estimates lead to better attenuation. Conversely,, FFT estimated frequencies lead to an unstable system where the total signal power is even higher than the disturbance signal itself. For SNR< 0, (which are considered noisy systems, the OFE method gave a very similar signal power to the disturbance signal and hence no discernible attenuation. The attenuation is more significant for SNR> 0 where the level is higher as this quantity increases. increasing the SNR gave higher attenuation. SNR=-20 134Hz, 133.4323Hz, 133.3334Hz, 19OHz, 190.1451H2, 190.4762Hz, 286Hz 285.9376H.z 285.7143Hz (unstable) (stable) SNR=-10 134Hz, 133.2701Hz, 133.3334Hz, 190Hz, 190.3691Hz, 190.4762Hz, 286Hz 285 
